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The ability of a potent dihydrofolate reductase inhibitor, trimethoprim, to inhibit
the growth of Escherichia coli B in vitro is dependent on the composition of the
medium in which the cells are grown. The inhibition observed in minimal broth could
be partially reversed by the addition of thymidine, ribonucleosides, amino acids,
and vitamins. No reversal occurred in the absence of thymidine. In a number of
commercially prepared media, the inhibitory activity of trimethoprim correlated
inversely with the amount of thymidine found to be present by microbiological as-
say. The significance of these findings for the routine testing of new, synthetic anti-

bacterial agents is discussed.

Trimethoprim, 2 ,4-diamino-5-(3’,4’,5'-trimeth-
oxybenzyl) pyrimidine, is a synthetic, broad-
spectrum, antimicrobial agent which acts as a
specific inhibitor of the dihydrofolate reductase
of bacteria. The major consequence of this inhi-
bition is a drastic and rapid reduction in the level
of tetrahydrofolate and its cofactors that are
required by the bacterial cell for the synthesis of
purines, pyrimidines, and certain amino acids
and for the initiation of protein synthesis (6, 9).

When tested in vitro, the ability of trimetho-
prim to inhibit various organisms is dependent
upon the medium in which the test is performed
(3, 5). These observations suggested that the
medium might be the exogenous source of me-
tabolites whose normal de novo synthesis was
blocked by the action of trimethoprim. This
hypothesis is not unreasonable since the normal
end products of the folic acid pathway are
purines and pyrimidines, and ‘“‘salvage” path-
ways for these compounds are known to be
present in microorganisms (9). Once assimilated
by the cell, these compounds would be expected
to bypass, in a noncompetitive manner, the
inhibition caused by trimethoprim.

In this study, we investigated the role of end
products of folate metabolism as potential
antagonists of the activity of trimethoprim. Evi-
dence was obtained that thymidine is the metabo-
lite essential for this effect. In addition, it is
shown that the degree of activity of trimethoprim
in a particular commercial medium may be corre-
lated with the concentration of thymidine it con-
tains.

MATERIALS AND METHODS

The source of each of the commercially prepared
media is given in Table 2. The minimal broth con-
tained (in grams per liter): glucose, 5.0; NaCl,
1.0; KH.PO,, 4.2; K,HPO,, 8.5; FeSO,-7H:0,
0.00025; CaCls , 0.005; MgCl,-6H20, 0.025; NasSO,,
0.1; and NH,Cl, 0.8. The amino acid supplement
contained (in milligrams per liter): L-aspartic acid
and L-glutamic acid, 50.0; L-leucine, 10.0; 18 other
amino acids, each 20.0. The nucleic acid base (ribo-
side) supplement contained (in milligrams per liter):
adenosine, guanosine, and cytidine, each 20.0; uri-
dine, 10.0. The vitamin supplement contained (in
milligrams per liter): p-aminobenzoic acid, calcium
pantothenate, thiamine, niacinamide, pyridoxine,
pyridoxamine, and folic acid, each 1.0; biotin, 0.1;
and vitamin B, 0.01. Minimal broth to which amino
acid, nucleic acid base, and vitamin supplement had
been added is identified as “supplemented’’ broth.

Chemicals. Thymidine was purchased from Sigma
Chemical Co., St. Louis, Mo., or Schwartz Bio-
Research, Inc., Orangeburg, N.Y. All other nucleo-
sides were bought from Sigma Chemical Co. Amino
acids and vitamins were obtained from Nutritional
Biochemicals Corp., Cleveland, Ohio, Calbiochem,
Los Angeles, Calif,, or Sigma Chemical Co. Casein
hydrolysate was obtained from General Biochemicals,
Chagrin Falls, Ohio. Trimethoprim [2,4-diamino-5-
(3',4’,5'-trimethoxybenzyl) pyrimidine] was synthe-
sized previously in this laboratory (13) and dissolved
by heating in dilute acid.

Organism. Escherichia coli B was obtained from R.
Greenberg, University of Michigan. Stock cultures
were maintained on nutrient agar (Difco) slants and
transferred monthly.

Growth of E. coli B in the presence of trimethoprim.
Reversal of the antimicrobial activity of trimethoprim
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was studied by measuring the effect on growth of
various supplements added to minimal medium con-
taining trimethoprim (10 ug/ml). Optically calibrated
tubes were prepared containing 2.5 ml of double-
strength minimal medium; supplements were added,
and the mixture was brought to 5.0 ml with distilled
water. The bacterial inoculum was prepared as fol-
lows. E. coli B was grown at 37 C in supplemented
broth, and subcultured on minimal broth. On the fol-
lowing day, the organism was again transferred to
minimal broth and allowed to grow for 5 to 6 hr. The
organisms were washed twice and resuspended in
saline to give a density of 110 Klett units at 660 nm
(ca. 108 organisms/ml) and then further diluted so
that each tube received 5 X 10* organisms (0.1 ml).
Controls for the initial reversal experiments consisted
of minimal broth, minimal and supplemented broth
containing trimethoprim and supplemented broth
without trimethoprim. All tubes were incubated at
37 Cfor 18 to 24 hr.

Trimethoprim dose-response in various media. All
media were prepared in double strength and diluted
to single strength in the assay tubes. The final volume
was 5.0 ml. Seed cultures of E. coli B were grown for
18 to 20 hr at 37 C in the same broth as that in which
the test was performed. The inocula were standardized
as described above. The 50 and 909, inhibitory con-
centrations of trimethoprim (ICsx and ICy) are
defined as that concentration of drug (ug/ml) which
reduced growth to 50 and 109, of a control culture
grown in the same medium but lacking trimethoprim.
In experiments where known concentrations of thymi-
dine were added to the medium, the thymidine was
added to the tubes containing double-strength medium
and autoclaved. The turbidity of the cultures was
measured after 20 to 21 hr of incubation.

Assay for thymidine. This assay is based on the
reversal by thymidine of the inhibition of growth of
Lactobacillus arabinosus by 2,4-diamino-6,7-di-
phenylpteridine. The pteridine inhibitor was synthe-
sized as the hydrochloride in these laboratories (11)
and dissolved in absolute methanol. The method fol-
lowed was essentially as described by Lansford et al.
(10) with the following modifications. The final con-
centration of inhibitor used in the assay was increased
to 5.0 ug/ml instead of the recommended level of
2.75 ug/ml. A strain of L. arabinosus carried in this
laboratory was used as assay organism, with an
inoculum concentration 10-fold higher than originally
recommended. Inoculum stocks were washed twice
with normal saline before use. The sensitivity of the
modified assay was somewhat less than the assay
originally reported, but values as low as 0.02 ug of
thymidine could be determined reliably. Standard
solutions of thymidine (0.01 to 2.0 ug) were included
in each determination. Samples of media for assay
were prepared in double distilled water at a concen-
tration of 10 mg/ml except tryptic soy (Difco) and
Trypticase soy broths (BBL) at 20 mg/ml. Duplicate
tubes each received 1.0 ml of serial twofold dilutions
(in double distilled water) of the sample being tested,
and a second series of tubes received the same volume
of sample plus thymidine at levels given in Table 2.
The concentration of thymidine was calculated from
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plots of the Klett readings at 660 nm after 18 hr of
growth at 30 C. The thymidine concentration calcu-
lated for each medium represents an average of values
obtained for 4 to 12 tubes.

Detection of mutants lacking thymidylate synthetase.
E. coli B was grown in duplicate tubes in supple-
mented broth containing thymidine and trimethoprim
at a concentration of 10 ug/ml each. After 24 hr, the
cultures were pooled, washed twice, and diluted in
saline. A sample was spread on the surface of plates
prepared from supplemented broth (plus 1.59, agar)
containing thymidine (10 ug/ml). Over 500 colonies
were picked with sterile applicator sticks from these
plates to supplemented plates with and without
thymidiue. Colonies that appeared only on plates
coutaining thymidine were subcultured to a second
set of plates, as described above, to confirm their
growth characteristics. Growth in the presence of
thymidine but not in its absence was considered pre-
sumptive evidence of the loss of thymidylate synthe-
tase.

RESULTS

Requirements for growth in the presence of tri-
methoprim. The inhibitory action of trimetho-
prim in minimal broth is shown in Fig. 1. Inhi-
bition is evident at concentrations of trimetho-
prim below 0.05 pg/ml, and suppression of
growth is complete at 1.0 ug/ml.

Table 1 shows the results of experiments in
which attempts were made to reverse the inhibi-
tion produced in minimal medium by trimetho-
prim (10 ug/ml). In the absence of thymidine,
no growth was detected in any medium. The
maximum degree of reversal of inhibition, approx-
imately 509, of control growth, was seen in the
presence of thymidine and the complete supple-
ment of amino acids, ribosides, and vitamins. A
lesser degree of reversal was obtained in the
absence of vitamins.

PERCENT OF CONTROL GROWTH
88585 83383838
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TRIMETHOPRIM (ug/m!)

FiG. 1. Response of E. coli B to trimethoprim in
minimal broth.
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TABLE 1. Requirements for growth of Escherichia
coli B in minimal broth in the presence of
trimethoprime

Turbidity?

Trimethoprim

Supplements Lol
AL
0 pg/ml
0 ug/ml | 10 ug/ml
None.................. 95 0 0
Amino acids....... . ... 124 0 0
Amino acids, ribo-
sides........... ... 130 0 31
Amino acids, ribo-
sides, vitamins.......| 131 0 70

e All data given are the average of two experi-
ments. The composition of the amino acid, ribo-
side, and vitamin mixtures is given in the text.

b Values are expressed as Klett units at 660 nm.

Response of E. coli B to thymidine. Figure 2
shows the effect of increasing concentrations of
thymidine on the growth of E. coli B in supple-
mented medium containing trimethoprim (10
ug/ml). As little as 0.25 ug of thymidine per ml
produced some growth response in the presence
of trimethoprim (10 ug/ml). At higher levels of
thymidine (2 ug/ml), maximum reversal was
obtained. In other experiments, the inclusion of
as little as 0.25 ug of thymidine per ml raised
over 50-fold the quantity of trimethoprim needed
for complete inhibition of E. coli B (from 1.0
ug/ml to greater than 50 ug/ml).

Thymidine content and response of E. coli B to
trimethoprim in commercially prepared media.
The requirement for thymidine for the growth of
E. coli B in the presence of trimethoprim sug-
gested a possible correlation between the amount
of thymidine in commercially prepared media
and the degree of activity manifested by the
inhibitor in these media. Samples of 12 different
commercially prepared media were assayed for
thymidine content in the presence and absence
of added thymidine. The results of these assays
and the IC;, and ICy, values determined for tri-
methoprim in each medium are shown in Table 2.
The data in column 3 (thymidine, broth formula)
give the content of thymidine in broth prepared
by the manufacturer’s directions.

The quantities of thymidine recovered range
from less than 0.03 (Wellcome, nutrient broth) to
30.9 ug/ml found in Brain Heart Infusion (BBL).
The amount of thymidine measured in proteose
peptone (Difco) was identical with that reported
by Lansford et al. (10). It is clear that even
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extremely low concentrations of thymidine
decrease the sensitivity of E. coli B to trimetho-
prim; thus, the ICy of trimethoprim in tryptic
soy broth (Difco) was 1.8 ug/ml as compared to
0.11 pg/ml in minimal broth. When concentra-
tions of thymidine greater than 1 ug/ml were
present, ICy, values for trimethoprim of greater
than 50 ug/ml were consistently observed.

To obtain a clearer idea of the relationship
between thymidine content and degree of inhibi-
tion, the degree of inhibition of E. coli B was
determined in the presence of trimethoprim (10
ug/ml) in each of the media listed in Table 2,
and the results were plotted against the thymi-
dine content of the broth. The results are seen
in Fig. 3. It is clear from inspection of the figure
that a correlation between the activity of tri-
methoprim and thymidine content exists up to
a concentration of about 5 ug of thymidine per
ml. Above this level of thymidine, no further
reduction in the activity of trimethoprim is seen.
Tryptone soy broth (Oxoid) seemed to give a
lower degree of inhibition than would have been
expected on the basis of its thymidine content.
No explanation for this observation is apparent.
Regression analysis of these data, omitting the
data on the Brain Heart Infusion (BBL) which
clearly contains a saturating level of thymidine,
yields a correlation coefficient of 0.76. If the
anomalous tryptone soy broth is omitted, the
correlation coefficient increases to 0.86.

Thymidine requirement of E. coli B grown in
the presence of trimethoprim and thymidine. Mu-
tants lacking thymidylate synthetase (thymine-
requiring) have been isolated from medium con-
taining thymine and trimethoprim after pro-
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FiG. 2. Growth of E. coli B in increasing levels of
thymidine. The medium is supplemented broth con-
taining trimethoprim (10 pg/ml).
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TABLE 2. Thymidine content of commercially prepared media and the response of Escherichia coli B to
trimethoprim
. . Thymidine Trimethoprim
Sample Tymidne | Toymidne | TR ba/mb
(ug/ml) (ug/ml) (ug/ml) Con o
Minimal broth 0.06 0.11
Peptone 0 3.86
(Difco, lot 438509) 2.0 5.77
Proteose peptone 0 5.09
(Difco, lot 510635) 1.0 6.34
Nutrient broth 0 <0.01 <0.03 0.09 0.17
(Wellcome) 1.0 0.83
Tryptic soy broth 0 0.04 0.06 0.26 1.8
(Difco, lot 511535) 1.0 1.20
Sensitivity test broth 0 0.02 0.07 0.42 0.8
(Oxoid, lot 1105) 1.0 1.04
Trypticase soy broth 0 0.15 0.23 0.26 2.0
(BBL, lot 109600) 1.0 1.29
Mueller Hinton broth 0 0.46 0.97 1.35 | >50
(Difco, lot 513907) 1.0 1.39
Tryptone soy broth 0 0.44 1.32 50 >50
(Oxoid, lot 989) 2.0 2.52
Antibiotic medium 3 0 0.85 1.49 0.9 >50
(Difco, lot 515762) 1.0 2.05
Brain Heart Infusion 0 0.79 292 | >50 >50
(Difco, lot 499064) 2.0 2.67
Antibiotic assay broth 0 2.76 4.83 >50 >50
(BBL, lot 702620) 1.0 3.90
Brain Heart Infusion 0 8.37 30.9 | >50 >50
(BBL, lot 801628) 1.0 9.36

longed incubation (15). It was desirable to show
whether decreased sensitivity to trimethoprim
observed in the presence of end products of the
folate pathway was due to the ability of these
compounds to supply precursors of nucleic acids
rather than to the selection of mutants with
decreased requirements for tetrahydrofolate after
loss of thymidylate synthetase (1).

Cultures of E. coli B were grown for 24 hr in
supplemented broth containing thymidine and
trimethoprim. A total of 567 colonies were ex-
amined (see above). Four colonies appeared to
require thymidine for growth: an incidence of
0.79%. For this reason, it does not appear that
the selection of thymidylate synthetase-negative
mutants influenced the results of this study.

DISCUSSION

The introduction of new, synthetic antimicro-
bial agents requires increasing sophistication in
in vitro susceptibility testing procedures so that
the potential activity of the compounds will not
be obscured by antagonists in the medium. Some
of these antagonists act to compete with the
inhibitor for the active site of a target enzyme,
whereas others may noncompetitively bypass an

inhibited enzyme by supplying the end products
of the target pathway. The ability of p-amino-
benzoic acid to compete with sulfonamides for a
position on the folic acid synthesizing enzymes is
a well known example of the first situation (17),
whereas the bypass of the inhibition of dihydro-
folate reductase by thymidine illustrates the latter
situation.

The possibility that a mechanism exists for the
bypass of inhibition by trimethoprim was pre-
viously suggested by experiments in which thy-
midine was shown to counteract the activity of
aminopterin against microorganisms (7, 14).
However, it could not be assumed, in the ab-
sence of data, that these results could be gener-
alized to the conditions under study in this paper.
Aminopterin is an entirely different type of
reductase inhibitor from trimethoprim. The
former is a potent, toxic inhibitor which binds
stoichiometrically to dihydrofolate reductase
with no discrimination regarding the source of the
enzyme (9, 16). Trimethoprim, on the other
hand, binds to only a portion of the reductase
normally occupied by dihydrofolate and shows
a remarkable ability to distinguish among reduc-
tases from various species (2). The innocuous-
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Fi1G. 3. Response of E. coli B to trimethoprim (10
ug/ml) in various commercially prepared media as a
Sfunction of thymidine content. Concentrations of
thymidine are given on a log scale on the ordinate.
Media are numbered as in Table 2.

ness of the compound in humans is based on its
preference for binding to bacterial rather than
the mammalian reductase, the former enzyme
being bound considerably more strongly - than
the latter.

In this study a correlation was seen between
the concentration of thymidine in commercial
media and the response of E. coli B to trimetho-
prim in these media. These studies point up the
need for careful selection of media for sensitivity
testing of bacteria to inhibitors such as tri-
methoprim. Trimethoprim showed greatest ac-
tivity in nutrient broth (Wellcome). Sensitivity
test broth (Oxoid) or tryptic soy broth (Difco)
also allowed almost maximum expression of
inhibition. Media of the same name from differ-
ent manufacturers were not interchangeable as
can be seen by a comparision of the thymidine
levels in tryptic soy broth (Difco), Trypticase soy
broth (BBL), and tryptone soy broth (Oxoid),
and between antibiotic medium no. 3 (Difco

KOCH AND BURCHALL

AprpPL. MICROBIOL.

Penassay broth) and antibiotic assay broth
(BBL).

Complete reversal of growth inhibition was
not obtained despite the addition to the medium
of compounds whose synthesis was known to be
blocked. It is possible that not all of the potential
reversing agents or combinations of reversing
agents were supplied. A more probable explana-
tion is based on the fact that formylmethionyl-
transfer ribonucleic acid is required for the initia-
tion of protein synthesis in E. coli (12). Tri-
methoprim, by blocking the formation of tetra-
hydrofolate cofactors, probably depletes the cell
of formylmethionyl-transfer ribonucleic acid.
Since this compound cannot be exogenously
supplied to and assimilated by E. coli, it is not
possible to bypass inhibition at this locus.

Finally, consideration should be given to the
implications of these findings for the application
to chemotherapy of inhibitors such as trimetho-
prim. If blood and body fluids contained sub-
stantial concentrations of thymidine, or its
equivalent, growth of the microorganism could
occur by the bypass mechanism, and the inhibi-
tor would fail. A priori, this would not be ex-
pected, since sulfonamides are chemothera-
peutically active, and the inhibition of folate
biosynthesis is subject to a similar bypass reversal
(9). Although the bodily pools of thymidine
have not been established definitively, exoge-
nously supplied thymidine has a limited half-life
(8). In practice, trimethoprim exhibits substan-
tial chemotherapeutic activity both alone and in
combination with sulfonamides (18). For these
reasons, those media which contain little or no
thymidine appear more accurately to reflect the
chemotherapeutic potential of the inhibitor than
do those in which thymidine is present in the
higher concentrations.

ACKNOWLEDGMENTS

We thank Gertrude B. Elion for synthesizing the pteridine in-
hibitor used in the thymidine assay. We also are grateful to William
Shive for his helpful suggestions and G. H. Hitchings for en-
couraging and enlightening discussions.

LITERATURE CITED

—

. Bertino, J. B., and K. A. Stacey. 1966. A suggested mechanism
for the selective procedure for isolating thymine-requiring
mutants of Escherichia coli. Biochem. J. 101:32C-33C.

2. Burchall, J. J., and G. H. Hitchings. 1965. Inhibitor binding
analysis of dihydrofolate reductases from various species.
Mol. Pharmacol. 1:126-136.

3. Bushby, S. R. M,, and G. H. Hitchings. 1968. Trimethoprim, a
sulphonamide potentiator. Brit. J. Pharmacol. 33:72-90.

4. Capecchi, M. R. 1966. Initiation of E. coli proteins. Proc. Nat.
Acad. Sci. U.S.A. 55:1517-1524.

5. Darrell, J. H., L. P. Garrod, and P. M. Waterworth. 1968.
Trimethoprim: laboratory and clinical studies. J. Clin.
Pathol. 21:202-209.

. Eisenstadt, J., and P. Lengyel. 1966. Formylmethionyl-tRNA

=2



VoL. 22, 1971

dependence of amino acid incorporation in extracts of
trimethoprim-treated Escherichia coli. Science 154:524-527.

7. Franklin, A. L., E. L. R. Stokstad, C. E. Hoffman, M. Belt,
and T. H. Jukes. 1949. Inhibition of growth of Escherichia
coli by 4-aminopteroylglutamic acid and its reversal. J.
Amer. Chem. Soc. 71:3549-3550.

8. Gross, N., and M. Rabinowitz. 1968. Thymidine content and
turnover in the rat. Biochim. Biophys. Acta 157:648-651.

9. Hitchings, G. H., and J. J. Burchall. 1965. Inhibition of folate
biosynthesis and function as a basis for chemotherapy, p.
417-468. In F. F. Nord (ed.), Advances in enzymology, vol.
XXVII. John Wiley and Sons, Inc., New York.

10. Lansford, E. M., Jr., W. M. Harding, and W. Shive. 1958.
Thymidine determination by some microbiological assay
methods. Arch. Biochem. Biophys. 73:180-190.

11. Mallette, M. F., E. C. Taylor, Jr., and C. K. Cain. 1947.
Pyrimido (4,5-b)pyrazines. II. 2,4-diaminopyrimido(4, 5-
b)-pyrazines and derivatives. J. Amer. Chem. Soc. 69:1814~
1816.

REVERSING INHIBITORY ACTION OF TRIMETHOPRIM

817

12. Marcker, K. 1965. The formation of N-formyl-methionyl-
sRNA. J. Mol. Biol. 14:63-70.

13. Roth, B,, E. A. Falco, G. H. Hitchings, and S. R. M. Bushby.
1962. 5-Benzyl-2,4-diaminopyrimidi as antib: ial
agents. I. Synthesis and antibacterial activity in vitro. J.
Med. Pharm. Chem. 5:1103-1123.

14. Sauberlich, H. E. 1949. The relationship of folic acid, vitamin
B2 and thymidine in the nutrition of Leuconostoc citrovorum
8081. Arch. Biochem. 24:224-232.

15. Stacey, K. A., and E. Simson. 1965. Improved method for the
isolation of thy equiring of Escherichia coli.
J. Bacteriol. 90:554-555.

16. Werkheiser, W. C. 1961. Specific binding of 4-amino folic acid
analogues by folic acid reductase. J. Biol. Chem. 236:888-~
893.

17. Wood, D. D. 1940. The relation of p-aminobenzoic acid to the
mechanism of action of sulphanilamide. Brit. J. Exp.
Pathol. 21:74-90.

18. Anonymous. 1971. Trimethoprim-sulphamethoxazole. Drugs
1:7-53.




